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Summary
A balance in the activities of the Ipl1 Aurora kinase
and the Glc7 phosphatase is essential for normal
chromosome segregation in yeast. We report here
that this balance is modulated by the Set1 methyl-
transferase. Deletion of SET1 suppresses chromo-
some loss in ipl1-2 cells. Conversely, combination of
SET1 and GLC7 mutations is lethal. Strikingly, these
effects are independent of previously defined func-
tions for Set1 in transcription initiation and histone
H3 methylation. We find that Set1 is required for
methylation of conserved lysines in a kinetochore
protein, Dam1. Biochemical and genetic experiments
indicate that Dam1 methylation inhibits Ipl1-mediated
phosphorylation of flanking serines. Our studies de-
monstrate that Set1 has important, unexpected func-
tions in mitosis. Moreover, our findings suggest that
antagonism between lysine methylation and serine
phosphorylation is a fundamental mechanism for
controlling protein function.
Introduction
Proper chromosome segregation requires that centro-
meres of sister chromatids be attached to microtubules
emanating from opposite spindle poles. These attach-
ments are mediated by kinetochores, which are assem-
bled from at least 60 different proteins in S. cerevisiae
(Cheeseman et al., 2002a, 2002b; Westermann et al.,
2005). Interactions among these proteins and between
kinetochores and microtubules are highly dynamic, in
part to allow resolution of improper monopolar sister
chromatid attachments and reformation of proper bipo-
lar attachments (Ducat and Zheng, 2004). These in-*Correspondence: syr@mdacc.tmc.edu
7This author was formerly known as Sharon Y. Roth.teractions are largely controlled by cycles of phosphor-
ylation and dephosphorylation of specific kinetochore
proteins (Cheeseman et al., 2002a, 2002b; Courtwright
and He, 2002).
Aurora kinases play a key role in the organization of
the kinetochore and are essential for normal chromo-
some segregation in all organisms from yeast to hu-
mans (Ducat and Zheng, 2004). Chromosome loss and
aberrant centrosome replication occur in cells that ex-
hibit abnormal Aurora kinase expression. Overexpres-
sion of Aurora A or Aurora B is often observed in colo-
rectal cancers and in several cancer cell lines (Meraldi
et al., 2004), highlighting the importance of Aurora ki-
nase regulation to genome stability and tumor sup-
pression.
Ipl1 is the only member of this highly conserved ki-
nase family in S. cerevisiae. Deletion of IPL1 is lethal
and ipl1 point mutations lead to abnormal chromosome
segregation and aneuploidy (Chan and Botstein, 1993;
Francisco and Chan, 1994). Phosphorylation of kinet-
ochore proteins by Ipl1 modulates protein-protein in-
teractions, thereby governing kinetochore integrity
(Cheeseman et al., 2002a, 2002b; Courtwright and He,
2002). Ipl1-mediated phosphorylation events are re-
quired both for turnover of improper monopolar attach-
ments of sister kinetochores as well as the tension-
sensing component of the mitotic checkpoint (Ducat
and Zheng, 2004). Ipl1 also functions in spindle disas-
sembly (Buvelot et al., 2003).
Dam1 is an important mitotic substrate for Ipl1
(Cheeseman et al., 2002a; Courtwright and He, 2002).
A complex containing Dam1 and eight other proteins
oligomerizes into rings around microtubules (West-
ermann et al., 2005) and is important both for proper
chromosome segregation as well as maintaining the in-
tegrity of the spindle (Courtwright and He, 2002). Ala-
nine substitution of multiple serines in Dam1 that are
phosphorylated by Ipl1 yields an abnormal chromo-
some segregation phenotype similar to that caused by
ipl1 mutations (Cheeseman et al., 2002a). Dephosphor-
ylation of Dam1 and other Ipl1 substrates by the Glc7
phosphatase is also essential for yeast viability (Fran-
cisco et al., 1994; Sassoon et al., 1999).
Ipl1 and Glc7 regulate the phosphorylation of histone
H3 at serine 10 (S10) (Hsu et al., 2000). H3 S10 muta-
tions have no mitotic consequence in S. cerevisiae, but
S10 phosphorylation serves as a mitotic marker in
many organisms (Crosio et al., 2002; Wei et al., 1999).
Histones are subject to multiple other posttranslational
modifications, including acetylation, methylation, and
ubiquitylation (Zhang and Reinberg, 2001). Histone-
modification patterns may constitute an informational
code that governs both the structure of chromatin and
interactions of nonhistone regulatory proteins with nu-
cleosomes (Jenuwein and Allis, 2001). Interestingly,
phosphorylation of S10 can enhance acetylation of K14
in H3 (Cheung et al., 2000; Lo et al., 2000), abolish acet-
ylation of K9 (Edmondson et al., 2002), and inhibit
methylation of K9 (Rea et al., 2000). Methylation of H3
K9, in turn, inhibits phosphorylation of S10 (Rea et al.,
Cell
7242000). Such interplay illustrates the potential for regula-
tory crosstalk between different posttranslational modi-
fications within an individual protein (Zhang and Rein-
berg, 2001).
H3 methylation at K4 is mediated by the Set1 protein
in S. cerevisiae (Briggs et al., 2001), which affects both
gene activation and repression (Briggs et al., 2001; Kro-
gan et al., 2002; Noma and Grewal, 2002). Set1 is part
of a multisubunit assembly termed COMPASS that in-
teracts with the C-terminal domain of the large subunit
of RNA polymerase II through association with the Paf1
complex (Tenney and Shilatifard [2005], for review). In
addition, H3 K4 dimethylation and COMPASS recruit-
ment to the 5# coding regions of genes requires ubiqui-
tylation of histone H2B at K123 by Rad6-Bre1, which is
also dependent on Paf1 (Tenney and Shilatifard, 2005).
We report here that deletion of SET1 suppresses the
abnormal chromosome segregation normally observed
in cells bearing a temperature sensitive ipl1 mutation.
Surprisingly, this suppression is not linked to methyla-
tion of H3 and is mimicked only partially by mutation of
H3 K4. Suppression of ipl1 is not observed upon loss
of Paf1 or mutation of H2B K123, indicating that Set1
has unanticipated and important functions during mito-
sis that are independent of its roles in transcription initi-
ation and early elongation. Our experiments indicate
that Set1 methylates Dam1 and that a proper balance
of Dam1 methylation and phosphorylation is critical for
normal chromosome segregation and cell viability.
Results
Mutation of SET1 Suppresses the Temperature-
Sensitive Phenotype of ipl1-2
To determine if the functions of the Set1 methyltransfer-
ase and the Ipl1 kinase are linked in vivo, we combined
a deletion of SET1 with ipl1-2, a well-characterized tem-
perature-sensitive allele of IPL1 (Chan and Botstein, 1993;
Francisco and Chan, 1994). ipl1-2 cells are viable at
25°C but exhibit defective growth from 30°C to 32.5°C
and are not viable at higher temperatures (Figure 1).
Deletion of SET1 alone does not affect cell growth at
32.5°C or 34°C (Figure 1A). Remarkably, deletion of
SET1 greatly improves growth of ipl1-2 cells at 30°C
and 32.5°C (Figure 1A). Analysis of 10-fold serial dilu-
tions in a plate spot assay indicates that set1D ipl1-2
cells grow at least 100 times better than ipl1-2 single
mutants at these elevated temperatures. Importantly,
the double mutant cells do not survive at 34°C or higher
temperatures, indicating that loss of Set1 suppresses
some defective Ipl1 functions but does not bypass the
need for Ipl1.
The suppression of ipl1-2 observed in set1D cells
might reflect the loss of Set1 catalytic activity or com-
promised integrity of the COMPASS complex (Krogan
et al., 2002) in the absence of Set1. To distinguish these
possibilities, we mutated G951 in Set1 to S. The G951S
mutation severely reduces Set1 catalytic activity with-
out influencing COMPASS integrity (Nagy et al., 2002).
We found that this mutation suppresses the temper-
ature sensitivity of ipl1-2 at 30°C and 32.5°C (Figure
1B). Therefore, loss of Set1 methyltransferase activity
is sufficient for suppression of ipl1-2.
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fhromosome Loss in ipl1-2 Cells Is Suppressed
y SET1 Deletion
o determine whether loss of SET1 suppresses the high
requency of chromosome loss observed in ipl1-2 cells
Chan and Botstein, 1993; Francisco and Chan, 1994),
e compared the stability of a nonessential marker
hromosome carrying the SUP11 suppressor tRNA in
sogenic wild-type, set1D, ipl1-2, and set1D ipl1-2 cells.
uppression of chromosomal ade2 mutations by
UP11 yields white colonies, whereas loss of the mini-
hromosome yields red colonies (Hieter et al., 1985).
ncreased chromosome loss is thus measured as an in-
rease in the appearance of red or sectored colonies.
As expected, chromosome loss occurred at very low
requencies (4/1000) in wild-type cells but was elevated
ore than 10-fold (70/1000) in ipl1-2 cells, even at 25°C
Figure 1C). Deletion of SET1 alone did not affect chro-
osome stability (3/1000), but it significantly sup-
ressed chromosome loss in ipl1-2 mutant cells (12/
000 or 5/1000; two independent isolates shown in Fig-
re 1C). These data indicate that Set1 normally antago-
izes Ipl1 functions in chromosome segregation.
eletion of SET1 Is Lethal in the Presence
f glc7 Mutations
o determine if deletion of SET1 affects phosphoryla-
ion events that are regulated by the Glc7 phosphatase,
e attempted to delete SET1 in haploid cells harboring
he glc7-127 allele, which selectively affects nuclear
unctions of Glc7, including the dephosphorylation of
pl1 substrates (Bloecher and Tatchell, 1999; Hsu et al.,
000). However, we never recovered glc7-127 set1D
ouble mutants. To determine if this combination of
utations is lethal, we disrupted SET1 in glc7 cells or
sogenic wild-type cells that carried an exogenous,
ild-type copy of GLC7 on a URA3 marked plasmid.
fter confirming the deletion of SET1, we plated cells
n media containing 5-FOA to select colonies that had
victed the URA3-GLC7 plasmid. However, glc7-127
et1D double mutants were unable to grow in the ab-
ence of the wild-type, plasmid-borne GLC7 gene, sug-
esting that combination of set1D and glc7 mutations
s lethal (Figure 2B).
Sds22 is an essential, nuclear Glc7 binding protein
Hong et al., 2000; Peggie et al., 2002). Temperature-
ensitive sds22 mutants exhibit a high rate of chro-
osome loss and partially suppress the temperature
ensitivity of ipl1-2. To further confirm that Set1 is influ-
ncing or cooperating with the nuclear functions of
lc7, we deleted SET1 in cells bearing a point mutation
n SDS22. Again, we were not able to directly recover
ds22-6 set1D double mutants, so we deleted SET1 in
ds22-6 mutant cells that carried an extra copy of
LC7 on a URA3-marked plasmid as above, which
uppresses the temperature-sensitive sds22-6 mutant
henotype (Figure 2C, bottom panel). Although we de-
ined multiple isolates of sds22-6 set1D cells in the
resence of the URA3-GLC7 plasmid, these double
utants exhibited enhanced temperature sensitivity at
0°C and 33°C upon loss of the plasmid (in the pres-
nce of 5-FOA; top panel, Figure 2C).
Collectively, our data indicate that Set1 opposes Ipl1
unctions or enhances the functions of Glc7-Sds22. In
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725Figure 1. Mutation of SET1 Suppresses Temperature Sensitivity and Chromosome Loss in ipl1-2 Cells
(A) Yeast strains with the indicated genotypes were serially diluted 10-fold, spotted onto YPD medium, and grown at indicated temperatures
for 2 days. Growth of four independent ipl1-2 set1D colonies is shown.
(B) Plate spot assays performed as above to test the ability of the set1 G951S mutation to suppress the temperature sensitivity of ipl1-2.
(C) The stability of an artificial minichromosome marked by the SUP11 tRNA gene, which suppresses a defective ade2 allele, was measured
in the indicated wild-type and mutant strains. Colony color was scored after 4 days of growth at 25°C. Shown are the averages of two
independent experiments. Error bars indicate standard deviations.
Chromosome loss frequencies were calculated as the ratio of red or sectored colonies to the total number of colonies plated.either case, these findings predict that the ipl1-2 muta-
tion should rescue the synthetic lethality of glc7-127
set1D double mutants. Indeed, ipl1-2 glc7-127 set1D
triple-mutant cells are viable, and they exhibit signifi-
cant improvement of growth at 32.5°C relative to ipl1-2
single mutants (Figure 2D). Thus, the lethality of glc7-
127 set1D cells is due to an alteration in the balance of
Ipl1 and Glc7 functions upon loss of Set1.
Deletion of Other COMPASS Components
Suppress ipl1-2
To determine whether the effects of Set1 on Ipl1 func-
tion are mediated within the context of the COMPASS
complex, we asked whether deletion of four other
COMPASS components also suppresses the temper-ature sensitivity of ipl1-2 cells. Deletion of BRE2, SWD1,
and SDC1 (but not SPP1) suppressed the ipl1-2 pheno-
type at 30°C (data not shown) and 32.5°C (Figure 3A)
but could not rescue the lethality of ipl1-2 at higher
temperatures (data not shown). Since ipl1-2 suppres-
sion is observed upon mutation of three of the four
COMPASS subunits tested, Set1 likely acts within
COMPASS to modulate Ipl1 or Glc7 functions.
Set1 Functions in Mitosis Are Independent of Its
Role in Transcription Initiation and Early Elongation
Set1 may directly participate in the switch from tran-
scription initiation to elongation, since it associates
with a specific phosphorylated isoform of the C-ter-
minal domain of the largest subunit of RNA pol II via the
Cell
726Figure 2. Deletion of SET1 Is Lethal in glc7-127 Cells
(A) Schematic representation of the plasmid shuffle approach used to combine the glc7-127 mutation or the sds22-6 mutation with SET1
deletion. A URA3-marked plasmid bearing the wild-type GLC7 gene was introduced into either glc7-127 or sds22-6 cells. The SET1 gene was
then disrupted. Growth of the resulting cells was compared on rich media (YPD) or on 5-FOA-containing media, which selects for cells that
have lost the URA3-marked GLC7 plasmid.
(B) Serial dilutions (10-fold) of the indicated strains reveals that deletion of SET1 is synthetic lethal with glc7-127 in the absence of the
exogenous wild-type GLC7 allele on 5-FOA-containing media (at 25°C).
(C) Yeast strains with the indicated genotypes were serially diluted 10-fold, spotted onto YPD medium or 5-FOA medium and then grown at
indicated temperatures for 3 days. Note the enhanced temperature sensitivity of the sds22-6 set1D cells on 5-FOA-containing media at 30°C
and on rich media at 33°C relative to either sds22-6 or set1D single mutants.
(D) Yeast strains with the indicated genotype were again serially diluted 10-fold, spotted onto YPD medium, and then grown at indicated
temperatures for 2 days. As expected, the glc7-127 mutation suppresses the ipl1-2 temperature-sensitive phenotype at 32.5°C. Importantly,
ipl1-2 glc7-127 set1D triple-mutant cells are viable, and the temperature-sensitive phenotype of ipl1-2 is also suppressed in these cells.Paf1 elongation complex (Briggs et al., 2001; Krogan
et al., 2002; Tenney and Shilatifard, 2005). The genetic
effects observed above could reflect alterations in ex-
pression of IPL1, GLC7, or another gene important for
normal chromosome segregation upon loss of Set1.
However, no significant differences in IPL1, ipl1-2, or
GLC7 RNA levels were detected in set1D cells relative
to wild-type cells (see Figures S1A and S1B in the Sup-
plemental Data available with this article online). Ipl1
protein levels were also unchanged upon loss of SET1
(Figure S1C). Collectively, these data indicate that loss
of Set1 does not affect expression of either IPL1 or
GLC7.
If the suppression of ipl1-2 by set1D reflects some
undefined alteration in gene expression, then deletion
of PAF1 should have a similar effect, as this mutation
eliminates Set1 association with RNA pol II (Tenney and
Shilatifard, 2005). However, ipl1-2 paf1D double mu-
tants exhibit temperature sensitivity and growth de-
fects worse than those of the ipl1-2 single mutants (Fig-
ure 3A). Paf1 also stabilizes recruitment of Rad6 to
promoters and 5# coding regions for the ubiquitylation
of H2B at K123 (Tenney and Shilatifard, 2005). Mutation
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Aof H2B K123 to arginine (R) abrogates COMPASS re-ruitment and H3 K4 dimethylation (Sun and Allis, 2002)
ut does not suppress the temperature sensitivity of
pl1-2 at 32.5°C (Figure 3B). Importantly, the lack of
uppression of ipl1-2 by paf1D or the H2B K123R muta-
ion demonstrates that ipl1-2 suppression upon dele-
ion of SET1 is independent of Set1 functions in tran-
cription initiation and early elongation.
eletion of SET1 Does Not Influence
3 S10 Phosphorylation
lthough deletion of SET1 does not affect the expres-
ion of IPL1 or GLC7, it might affect the activity of these
nzymes in vivo. Phosphorylation of H3 S10 is de-
reased in ipl1-2mutant cells and increased in glc7mu-
ant cells (Hsu et al., 2000; Figure S2A). H3 S10 phos-
horylation is not changed upon deletion of SET1 and
s not recovered in set1D ipl1-2 double mutants (Figure
2A). Therefore, Set1 does not influence global levels
f S10 phosphorylation in H3 by Ipl1.
uppression of ipl1-2 Is Not Linked
o Dimethylation of H3 K4
lthough deletion of PAF1, mutation of H2B K123, anddeletion of SET1 all greatly diminish H3 K4 dimethyla-
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727Figure 3. Suppression of ipl1-2 Does Not Correlate with H3 K4 Methylation but Requires COMPASS Components
(A, B, and C) Yeast strains with the indicated genotypes were serially diluted 10-fold, spotted onto YPD medium, and grown at the indicated
temperatures for 2 days.
(D) Summary of the effects of mutations in genes encoding COMPASS components, PAF1, or the H2B ubiquitylation site on the ipl1-2
phenotype (this work) and H3 K4 methylation (summarized from Krogan et al., [2002], Krogan et al. [2003], and Sun and Allis [2002]).tion (Krogan et al., 2002), only set1D suppresses the
ipl1-2 mutation (Figure 3). Also, there is no correlation
between the effects of individual COMPASS mutations
on global levels of H3 dimethylation (Krogan et al.,
2002) and suppression of ipl1-2 (Figure 3D). These ob-
servations suggest that dimethylation of K4 in H3 is not
related to modulation of Ipl1 functions by Set1 and
COMPASS. To determine more directly whether H3 K4
is involved in either the suppression of ipl1-2 by set1D
or the synthetic lethality caused by combination of
glc7-127 and set1D, we combined an H3 K4R mutation
with the ipl1-2 or glc7-127 alleles. A plasmid bearing
the H3 K4R mutation was introduced to cells in which
both chromosomal copies of H3 and H4 genes were
disrupted, such that the plasmid-borne genes provide
the only source of these histones (Zhang et al., 1998).
We then compared the growth and temperature sensi-
tivity of cells bearing wild-type H3 or the K4R mutation
in the presence or absence of the glc7-127 or ipl1-2 al-
leles.
Combination of the H3 K4R mutation with the glc7-
127 mutation is not lethal (Figure 3C). The survival of
these double-mutant cells demonstrates that loss of H3
K4 methylation is not the cause of the lethality ob-
served above in set1D glc7-127 double mutants.The H3 K4R mutation did suppress ipl1-2 (Figure 3C),
allowing improvement of growth at 32.5°C. However,
this suppression was noticeably (10- to 100-fold)
weaker than that observed in isogenic set1D ipl1-2
cells. Interestingly, an even weaker suppression was
observed in triple mutant H3 K4R ipl1-2 set1D cells at
32.5°C (Figure S3). These results suggest that loss of
H3 K4 may antagonize, rather than mimic, the effects
of Set1 loss on Ipl1 functions. Alternatively, the weak
growth of the triple mutants at 32.5°C might reflect loss
of several unrelated functions of Ipl1, Set1, and H3 K4.
Collectively, the viability of the H3 K4R glc7-127 cells,
the weak suppression of ipl1-2 by the H3 K4R mutation,
and the lack of a correlation between the effects muta-
tions in different COMPASS subunits on H3 K4 methyla-
tion and ipl1-2 suppression suggest that methylation of
substrate(s) other than H3 by Set1 influences Glc7 and
Ipl1 functions at the kinetochore.
Conserved Lysines in Dam1 Are Linked
to Ipl1 Functions
Dam1 is a prime candidate for a nonhistone substrate
of Set1 since previous studies revealed that multiple
mutations in Dam1 phosphorylation sites give rise to
phenotypes similar to those of the ipl1-2 mutation
Cell
728(Cheeseman et al., 2002a). Importantly, immunoblots
with a Dam1-specific antibody reveal that the overall
level of Dam1 protein is not altered in set1D, ipl1-2, or
double-mutant cells (Figure S2B).
Like other SET domain methyltransferases (Briggs et
al., 2001; Jenuwein, 2001), Set1 likely methylates only
lysine residues. If Set1 methylates one or more lysines
in Dam1, then loss of that methylation site(s) should
cause a phenotype similar to the phenotype caused by
loss of the enzyme. Therefore, we converted each of
the several conserved lysine residues in Dam1 (at posi-
tions 7, 129, 132, 138, 194, 233, 252, 256, and 330; Fig-
ure 4) separately to alanine (A) and examined the result-
ing cells for growth defects. We also determined whether
any of these K to A mutations suppressed ipl1-2.
Strikingly, only two Dam1 lysine mutations exhibited
defective growth, K194A and K233A (Figure 5), and only
these same two mutations suppressed ipl1-2. The
dam1 K194A allele was temperature sensitive and invi-
able at 37°C (Figure 5A). However, this mutation sup-
pressed the temperature sensitivity of ipl1-2 cells at
30°C, mimicking the effects of SET1 deletion on the
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Alignment of DAM1 sequences from the indicated yeast are taken from Cliften et al. (2003) and Kellis et al. (2003) as displayed on the
Saccharomyces Genome Database website (http://www.yeastgenome.org/). Conserved lysine residues at positions 7, 129, 132, 138, 194,
233, 252, 256, and 330 in DAM1 that were converted to alanine are highlighted, as is the peptide used for antibody production.pl1-2 phenotype. No significant enhancement of sup-
ression was observed upon combination of the dam1
194A mutation with deletion of SET1 in ipl1-2 cells,
ndicating that suppression by both mutations occurs
hrough a common pathway (Figure S4).
An even more severe phenotype was observed for
he K233A dam1 mutation, which is lethal. Sporulation
f diploid cells heterozygous for the K233A allele
ielded only two viable spores per tetrad (Figure 5B,
pper panel), and DNA sequencing confirmed that
hese live cells carried wild-type DAM1 (data not
hown). Strikingly, the lethality of the dam1 K233A mu-
ation is rescued in the presence of the ipl1-2 allele (Fig-
re 5B, lower panel). Moreover, growth of ipl1-2 cells
arrying the dam1 K233A mutation is improved at 30°C
o an extent similar to that observed upon deletion of
ET1. The cross-suppression of the dam1 K233A and
pl1-2 mutants demonstrates not only that the K233A
utant Dam1 protein is expressed but also that K233
as strong functional connections with Ipl1. Combina-
ion of both the dam1 K233A mutation with deletion of
ET1 in ipl1-2 cells did not further suppress the ipl1-2
Regulation of Ipl1 by Set1
729Figure 5. K194A and K233A dam1 Mutations Suppress ipl1-2, and Dam1 K233 Is Methylated In Vivo
(A) Plate spot assays (as described in previous figures) were used to compare the growth of the indicated strains. Three independent dam1
K194A colonies and three independent ipl1-2 dam1 K194A colonies are shown for comparison.
(B) Eight independent tetrads from sporulation of dam1 K233A/DAM1 heterozygotes (upper panel). In each case, only two spores were
recovered. DNA sequencing revealed that these carry the wild-type DAM1 allele (data not shown), indicating that the dam1 K233A mutation
is lethal. However, plate spot growth assays (lower panel) reveal that the lethality of dam1 K233A is suppressed by ipl1-2 and also that the
temperature sensitivity of ipl1-2 is suppressed by dam1 K233A.
(C) Immunoblot of immunoprecipitates from cells expressing native or HA-tagged Dam1 with either native or myc-tagged Set1. Immunopreci-
pitation was performed with the anti-HA antisera and the immunoblot was probed with either an anti-myc antibody or an anti HA-antibody,
as indicated. *myc-Set1.
(D) (Upper panel) The specificity of the anti-dimethyl K233 Dam1 antisera was confirmed using a dot blot of synthetic Dam1 peptides identical
in sequence but containing lysine, dimethyl-lysine, or trimethyl-lysine at the position of K233. Ponceau S staining of a sister blot is shown to
confirm equal loading of the peptides. (Lower panel) Wild-type (WT) or K233R mutant HA-tagged Dam1 was immunoprecipitated from wild-
type or set1D cells using the anti-HA antibody. An immunoblot of the immunoprecipitates was probed with either anti-HA or the anti-dimethyl
K233 Dam1 antisera, as indicated. Immunoprecipitates from a wild-type strain lacking HA-Dam1 is shown as a negative control.phenotype at 32.5°C, indicating that the DAM1 and
SET1mutations affect Ipl1 functions through a common
pathway. Moreover, mutation of Dam1 K233 to R or Q
is not lethal (data not shown), and the K233Q DAM1
mutation also suppresses ipl1-2 (data not shown).
Dam1 Is Methylated In Vivo at K233
We focused additional studies on Dam1 K233 since the
K233A mutation had a more severe phenotype than the
K194A mutation. If Set1 methylates K233 in Dam1, then
Dam1 should interact physically with Set1 and methyla-
tion of Dam1 should be altered in set1D cells. Immuno-precipitation of HA-tagged Dam1 from cells that also
expressed a myc-tagged allele of Set1 (Schramke et
al., 2001) confirmed that these proteins interact in vivo
(Figure 5C). To determine if K233 is methylated in vivo,
we raised an antibody to a peptide corresponding to
amino acids 222–236 in Dam1 (Figure 4) containing di-
methyl lysine at the position of K233. Peptide dot blots
confirm that this antiserum is highly specific for the di-
methylated Dam1 peptide (Figure 5D, upper panel), al-
though some reactivity was also observed toward a tri-
methylated peptide. We used this antibody to probe
blots of HA-Dam1 immunoprecipitated from wild-type,
Cell
730set1D, or dam1 K233R mutant cells (Figure 5D, lower
panel). HA-Dam1 from wild-type cells was recognized
well by the anti-dimethyl K233 antiserum, in contrast to
minimal or no signal obtained with HA-Dam1 immuno-
precipitated from set1D cells or the dam1 K233R mu-
tant. These data confirm that Dam1 is methylated in vivo
at K233 and that this methylation is Set1 dependent.
Functional Connections between Dam1 Methylation
and Phosphorylation
Dam1 K233 is flanked by conserved serine residues at
positions 232, 234, and 235 (Figure 4). Although these
serines were not identified previously as targets of Ipl1-
mediated phosphorylation, the sequence 232-SKSSQ-
236 in Dam1 roughly resembles a consensus sequence
([R/K] X [TS] [ILV]) identified for Ipl1 targets (Cheese-
man et al., 2002a). Mutation of these sites reduces the
number of slow-migrating Dam1 phosphoisoforms de-
tected by immunoblot (Cheeseman et al., 2002a; Figure
6A), suggesting these sites are phosphorylated in vivo.
Mass spectrometric analyses of peptides generated
upon cleavage of immunopurified HA-tagged Dam1
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(A) Immunoblot analysis reveals diminishment of slower migrating Dam1 phosphoisoforms (Cheeseman et al., 2002a) upon mutation of IPL1
or mutation of S232, S234, or S235 in Dam1.
(B) Kinase assays demonstrate that a recombinant GST-Ipl1 fusion protein phosphorylates a peptide corresponding to Dam1 amino acids
228–239, indicating that one or more serines flanking K233 are recognized by Ipl1 as substrate in vitro. Shown are the averages of triplicate
assays at each amount of peptide used. Error bars represent the standard deviations. Phosphorylation is inhibited by the presence of
dimethyl-lysine at the position of K233.
(C) Summary of the effects of the indicated dam1 mutations on cell viability. Note the suppression of the lethality of the K233A mutation by
either the S232A or S234A mutations and the cosuppression of the K233A and S235A lethality in K233A S235A double mutants. The S235A
lethality is also suppressed in set1D cells. ND: not determined due either to a failure of mutant cells to sporulate (K233A S257A) or failure to
recover heterozygous DAM1/dam1 cells (S235A S265D).ere also consistent with phosphorylation at one or
ore of these serines (Figure S5). In addition, a syn-
hetic peptide corresponding to the sequence NIGMS
SSQGHV in Dam1 (amino acids 228–239) is phosphor-
lated by a recombinant GST-Ipl1 fusion protein in vitro
Figure 6B). However, Ipl1-mediated phosphorylation is
iminished significantly in a sister peptide containing
imethyl-lysine at the position of K233. Trimethyl-lysine
t this position also inhibited phosphorylation by Ipl1
data not shown).
To determine if the genetic interactions between
am1 K233 and Ipl1 observed above might reflect
hanges in the phosphorylation of these flanking ser-
nes in vivo, we combined the K233A mutation with
ubstitution mutations at these sites. We mutated each
erine to alanine to mimic the nonphosphorylated state
nd to aspartate (D) to mimic the phosphorylated state.
Individual mutations at S232 or S234 in DAM1 to
ither A or D had no effect on cell growth or viability
Figure 6C). Strikingly, the S232A and S234A mutations
escued the lethality of the K233A mutation, but the
232D and S234D mutations did not. Mutation of two
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S265 (Cheeseman et al., 2002a), to A or D also did not
rescue lethality of the K233A mutation. These data sug-
gest that loss of K233 (or loss of methylation at this
site) is specifically compensated by neutral charges
provided by the flanking S232A or S234A mutations.
These results are also consistent with the suppression
of K233A by ipl1-2 observed above and suggest that
K233 methylation might normally be required to limit
phosphorylation of these sites by Ipl1.
Interestingly, the S235A DAM1 mutation is lethal,
whereas the S235D mutation is not, indicating that
phosphorylation of S235 may be essential for Dam1
functions (Figure 6C). S235A is the first single-serine
mutation in Dam1 to cause a lethal phenotype. Remark-
ably, the S235A allele is viable in combination with the
K233A mutation. These two lethal mutations suppress
one another. The S235D allele also rescues the lethality
of the K233A mutation, indicating that the charge of the
residue at position 235 is not important if K233 is not
present. Mutation of more distal Ipl1 target sites (S257
or S265; Cheeseman et al., 2002a) in Dam1 to D or A
does not rescue S235A lethality, indicating the cassette
of modifications from S232 to S235 are uniquely linked
in function.
The above data suggest that loss of negative charge
at S235 and likely loss of phosphorylation is lethal only
when K233 is present and available for methylation. In-
deed, the lethality of the S235A mutation in DAM1 is
also suppressed by deletion of SET1 (Figure 6C), fur-
ther demonstrating a connection between S235 func-
tions and methylation. Collectively, the suppression of
the lethality of K233A by ipl1-2 and the suppression of
S235A by set1D, together with the genetic interactions
between the K233A mutation and the S232A, S234A,
and S235A mutations and our in vitro kinase assays,
indicate that levels of Ipl1 phosphorylation of S232,
S234, or S235 are fine-tuned by Set1 methylation at
K233.
Discussion
Our data reveal unexpected functional connections
between the Set1 methyltransferase and phosphoryla-
tion events governed by the Ipl1 kinase and the Glc7
phosphatase. Loss of Set1 suppresses chromosome
segregation defects caused by the ipl1-2 allele and is
synthetic lethal with the glc7-127 allele. The mitotic
functions of Set1 require Bre2, Swd1, and Sdc1, indi-
cating that Set1 functions in the context of the COM-
PASS complex to modulate Ipl1-Glc7 functions in chro-
mosome segregation.
Previous studies have revealed a role for Set1 and
COMPASS in gene transcription that requires Paf1 and
ubiquitylation of H2B at K123 (Briggs et al., 2001; Kro-
gan et al., 2002; Tenney and Shilatifard, 2005). However,
our data demonstrate that deletion of PAF1 or mutation
of H2B K123 cannot suppress ipl1-2. Therefore, the
suppression of ipl1-2 upon deletion of SET1 is indepen-
dent of COMPASS functions in transcription initiation
and early elongation.
Prior to our studies, H3 K4 was the only known sub-
strate of Set1. However, loss of H3 K4 methylation isnot likely the molecular basis for the genetic interac-
tions between SET1, IPL1, and GLC7 that we observe.
First, mutations in SET1, PAF1, or H2B K123 all globally
diminish H3 K4 methylation (Tenney and Shilatifard,
2005), yet only SET1 deletion suppresses ipl1-2. Sec-
ond, we found no correlation between the effects of
deletion of other COMPASS components on H3 K4
methylation (Krogan et al., 2002) and suppression of
ipl1-2 (Figure 3). Third, mutation of H3 K4 to R sup-
presses ipl1-2more weakly than does deletion or muta-
tion of SET1, and the H3 K4R mutation is not synthetic
lethal with glc7-127. Finally, chromatin immunoprecipi-
tation results (T. Tripic, M. Coombes, and S.Y.R.D., un-
published data) indicate that little or no H3 K4 methyla-
tion occurs at centromeres in S. cerevisiae, consistent
with the replacement of H3 with Cse4 in centromeric
nucleosomes (Meluh et al., 1998; Westermann et al.,
2003).
Unlike centromeres in S. pombe and most other or-
ganisms (Nakayama et al., 2001; Noma et al., 2001),
centromeres in S. cerevisiae are not flanked by hetero-
chromatic repeat elements (Cleveland et al., 2003), and
this yeast does not contain HP1-like proteins or Suv39
methyltransferases. H3 K9 is not methylated in S. cere-
visiae (Rea et al., 2000), and mutations in H3 S10 do
not affect chromosome segregation (Hsu et al., 2000).
Moreover, we find no evidence of global changes in
phosphorylation of S10 in the absence of Set1. There-
fore, the effects of Set1 loss on Ipl1 functions that we
observe do not likely reflect indirect effects on modifi-
cations at S10 or K9 in H3. Rather, our results indicate
that these effects are mediated through Set1-mediated
methylation of at least one nonhistone substrate, Dam1.
How might Dam1 methylation at K233 or K194 con-
tribute to proper chromosome segregation? By analogy
to the effects of histone methylation on the occurrence
of other posttranslational modifications of the histones
(Zhang and Reinberg, 2001), K233 methylation might
directly affect phosphorylation of neighboring serines.
This model is consistent with our observation that Ipl1-
mediated phosphorylation of methylated Dam1 pep-
tides is inhibited in vitro (Figure 6B), as well as our ge-
netic data that reveal functional connections between
K233 and S232, S234, and S235 (Figure 7). Our data
indicate that prevention of K233 methylation by set1D
allows improved phosphorylation of Dam1 by the crip-
pled ipl1-2 kinase, as reflected by suppression of the
ipl1-2 phenotype, but might allow too much or too per-
sistent phosphorylation by wild-type Ipl1. Conversely,
the suppression of the lethality of the DAM1 K233A al-
lele by flanking S to A mutations or by the ipl1-2 muta-
tion (but not by S to D mutations) strongly suggests
that negative effects associated with loss of Dam1
methylation can be countered by decreased phosphor-
ylation at these sites (Figure 7). Several previous find-
ings that indicate a balance in the phosphorylation and
dephosphorylation of IPL1 and GLC7 substrates is
essential for normal cell growth and chromosome seg-
regation (Francisco and Chan, 1994; Francisco et al.,
1994). Our results strongly suggest that the region be-
tween K194 and S235 is a critical module in Dam1 that
is regulated by both phosphorylation and methylation.
Cycles of phosphorylation and dephosphorylation of
Dam1 and other kinetochore proteins allow resolution
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Phosphorylation by Methylation of K233
Deletion of SET1 suppresses chromosome
segregation defects associated with the
ipl1-2mutation, indicating that Set1 normally
opposes the functions of Ipl1. Our data sug-
gest that this effect is mediated at least in
part by methylation of Dam1 by Set1. We
propose that methylation of K233 negatively
regulates phosphorylation of the two flank-
ing series, S232 and S234. Phosphorylation
of S235 may or may not be influenced di-
rectly by Set1. When K233 is converted to
alanine, preventing methylation by Set1,
phosphorylation of S232 or S234 may in-
crease to a level that interferes with Dam1
functions and kinetochore integrity. Con-
versely, if K233 is intact and available for
methylation, Dam1 may become hypophos-
phorylated when S235 is mutated to alanine,
leading to loss of viability.of improper monopolar spindle attachments and refor-
mation of proper bipolar attachments (Cheeseman et
al., 2002b; Shang et al., 2003). These phosphorylation
events may control protein-protein interactions as well
as interactions between kinetochore components and
microtubules. Lysine methylation in other settings also
influences interactions between proteins. Chromodo-
main proteins recognize K9 in H3, for example (Fischle
et al., 2003; Nielsen et al., 2002), and methylation of K4
in H3 limits association of repressor complexes with
certain promoters (Zegerman et al., 2002). Methylation
of Dam1 and/or other kinetochore proteins might influ-
ence kinetochore assembly, stability, or even constitute
part of the signal that inhibits continued cycles of kinet-
ochore dissolution once proper microtubule attach-
ments are made. Another intriguing possibility is that
Dam1 methylation might provide a “memory” function
to distinguish kinetochores that have previously passed
through mitosis from newly synthesized kinetochores,
similar to the suggested function of histone methylation
as a “memory” of gene transcription (Ng et al., 2003;
Turner, 2002).
Interestingly, deletion of SET1 is not lethal, but muta-
tion of K233 to A in Dam1 causes cell death. Mutation
of K194 in Dam1 also causes a temperature-sensitive
phenotype that is not observed in set1D cells. These
differences in phenotype suggest either that K194 and
K233 in Dam1 play roles in limiting Ipl1 functions that
are independent of methylation or that these residues
are subject to modification by additional enzymes.
K233 and K194 might be methylated by another methyl-
transferase or even subject to acetylation or ubiqui-
tylation.
Deletion of SET1 was reported previously to suppress
mutations in several DNA-repair checkpoint genes, and
Set1 interacts physically with Mec3 (Corda et al., 1999).
Loss of Set1 causes hyperphosphorylation of the repli-
cation protein Rfa2, which is dependent on the check-
point-signaling kinase Rad53 (Schramke et al., 2001).
Together with our results, these findings suggest that
Set1 may influence the functions of multiple kinases
involved in several distinct cellular processes.
Aurora kinases are often deregulated in cancer cells
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Cnd tumors that exhibit aneuploidy and loss of genome
ntegrity (Katayama et al., 2003). Mutations in histone
ethyltransferase genes are also associated with cellu-
ar transformation and cancer formation (Schneider et
l., 2002). The MLL gene, which is similar to Set1, is
ften a target of translocation in mixed lineage leuke-
ias (Tenney and Shilatifard, 2005). Our studies in yeast
aise the possibility that Aurora kinases and methyl-
ransferase activities may crossregulate each other in
ammalian cells. If so, then changes in the balance of
hese enzyme activities may contribute both to tumor
uppression and to oncogenesis.
xperimental Procedures
trains and Growth Conditions
east strains used in this study are listed in Table S1, and details of
train constructions are provided in the Supplemental Experimental
rocedures. Yeast were propagated according to standard pro-
edures either in rich media (YPD) or in appropriate selective me-
ia (SC).
lasmid Construction and Mutagenesis
he entire coding sequence of DAM1 was cloned into BamHI and
hoI sites of pRS406 (Sikorski and Hieter, 1989). Site-directed mu-
ations in DAM1 were constructed using Quickchange protocols
Stratagene) and the DAM1-pRS406 plasmid.
The glc7-127 allele was also cloned into pRS406 using a PCR
ragment templated with genomic DNA extracted from the KT1640
train. The wild-type GLC7 plasmid used in the experiments shown
n Figures 2A and 2B was described previously (Wu and Tatchell,
001).
Full length SET1 was cloned into NotI and XhoI sites of pRS406
o generate SET1-pRS406. G951S-pRS406 was also constructed
sing Quickchange protocols (Stratagene) and the plasmid SET1-
RS406.
eptide Synthesis and Generation of Dimethyl-K233
am 1-Specific Antisera
peptide corresponding to amino acids 222–236 in Dam 1 contain-
ng dimethyllysine at position K233 was synthesized by Genemed,
nc. and then used to raise polyclonal rabbit antisera and to affinity
urify the antisera. Additional peptides corresponding to amino
cids 222–240 or 228–239 in Dam1 containing unmodified, di-
ethyl- or trimethyllysine at position K233 were synthesized by the
eptide Synthesis Core Facility of the M.D. Anderson Cancer
enter.
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733Immunoprecipitation of Dam1 and Immunoblot
Using Anti-Dimethyl Dam1 K233 Serum
Cell extracts were prepared from 500 ml of cells grown in YPD to
an OD600 of 0.8. Cells were collected by centrifugation, washed two
times with water, and resuspended in 5 ml lysis buffer (50 mM Tris
8.0, 150 mM Nacl, 1% NP40) with proteinase inhibitors. The resus-
pension was flash frozen in liquid nitrogen and ground into pow-
ders in a coffee mill with dry ice. After thawing at 4°C, cellular de-
bris was pelleted by centrifugation at 5000 × g for 15 min. The
supernatant was then preclarified by incubating with100 l protein
A agarose (Upstate Biotech) at 4°C for 1 hr. HA-Dam1 was then
immunoprecipitated using 200 l HA affinity matrix (Roche) at 4°C
for 4 hr. The HA affinity matrix was collected and washed three
times with lysis buffer and then resuspended in 100 l lysis buffer
with SDS-PAGE loading dye. Proteins were resolved by 12% SDS-
PAGE, transferred to Immun-Blot PVDF membrane (Bio-Rad),
blocked for 1 hr with Tris-buffered saline/0.05% Tween 20 contain-
ing 5% nonfat milk, followed by 1 hr incubation with anti-dimethyl
Dam1 K233 serum at a final dilution of 1/5000. After incubation with
anti-rabbit horseradish peroxidase-conjugated secondary antibod-
ies (Amersham Biosicence), bands were detected using the Pierce
Supersignal Westpico Chemiluminescence system.
Protein Kinase Assays
Kinase assays were conducted as described previously (Li et al.,
2002) using an S6 kinase assay kit procedure (Upstate Biotech-
nology).
Supplemental Data
Supplemental Data include five figures, one table, and Supplemen-
tal Experimental Procedures and can be found with this article on-
line at http://www.cell.com/cgi/content/full/122/5/723/DC1/.
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